Introduction
The AP set reactors are pressurized water reactors designed to use a natural circulation heat exchanger as the safety related means of removing core decay heat and sensible heat following certain design basis events [1] . The Passive residual heat removal heat exchanger (PRHR HX) removes core decay heat to mitigate loss of heat sink events which depressurizes the system. It transfers heat from the primary side to the containment by heating the water in the In-containment Refueling Water Storage Tank (IRWST). The PRHR HX consists of a C-shaped heat exchanger tube bundle submerged in the IRWST [2] .
Natural circulation flow is developed from the density difference of the cold water in the PRHR tubes above the reactor core and the hot water in the inlet line to the heat exchanger. The heat transfer on the outer tube surface is natural convection and subcooled boiling in the initial operation stage and gradually becomes saturation boiling along with the process of heating [3] . Because of the large temperature difference across the heater exchanger tubes, high Grashof number natural convection will occur along the tube outer surfaces [4] .
Yonomoto et al. [3] carried out an experimental investigation to simulate small-break loss-of-coolant accidents in the reactor using the ROSA-V Large-scale Test Facility. The PRHR HX heat transfer performance in the experiment was analyzed by applying heat transfer correlations available in the literature to the PRHR HX tubes. Jeong et al. [5] developed a multidimensional thermal-hydraulic system code MARS to analyse the thermal hydraulic of the Passive Residual Heat Removal System (PRHRS) of the SMART-P. Chung et al. [6, 7] investigated the natural circulation in the PRHRS for an integral type reactor and calculated results using the MARS code. According to Chung's work, the MARS code predicts reasonably well the characteristics of the natural circulation in the PRHRS. It is considerable that different heat transfer correlations of tube inner and outer surfaces are used in Yonomoto's paper and MARS code but the reason why the earlier investigators choose the correlations is not mentioned in their paper.
The main purpose of this study is to determine the applicability of different heat transfer correlations for the PRHR HX design. The secondary objective is to investigate the IRWST mixing characteristics in the IRWST. As mentioned above, natural convection heat transfer on outer tube surface plays a significant role in the PRHR HX, especially in the initial stage. Boiling on the tube outer surface has not been considered in present work; all these results in this paper are for the condition of natural convection on the outer surface.
Experimental Setup
The experimental apparatus (see Figure 1 ) was built to investigate the thermal performance of PRHR HX while natural convection occurred in IRWST. It mainly consisted of a cylinder pressure vessel, an open water tank, a C-shaped heat pipe, two electric heating jackets, some wall and liquid thermocouples, and a centrifugal pump. Primary system core decay heat was substituted by hot water generated in the pressure vessel. A pressure gauge and a relief valve were installed on the top of the pressure vessel to monitor the pressure and provide overpressure protection. The range of the pressure gauge is from 0 to 0.6 MPa and the reading accuracy of it is 0.05 MPa. The IRWST was modeled by a volume ( /4)(0.6 2 × 1.5) m 3 cylindrical tank filled with water at atmospheric pressure, which is nominally filled to a level 0.4 m above the top of the heat exchanger tube. The influence of separation plate and ADS 1-3 Spargger in IRWST was ignored in this experiment. Two facility view ports installed on both sides of the tank were provided for visual observation. Heat exchanger tube was a C-shaped tube with 19.05 mm outside diameter and 1.65 mm thickness. The material of the pressure vessel, the open water tank, and the heat exchanger tube was 304 stainless steel.
There were 13 sheath thermocouples inserted in the heat exchanger tube, 2 of which were installed at each end of the tube, measuring the inlet and outlet fluid temperatures. Wall and tank water temperatures were measured with copper-constantan thermocouples. Four wall thermocouples were welded on each position of the tube outer surface to get an average wall temperature. As shown in Figure 2 , tank water thermocouples were located at 3 different positions along vertical direction of tank. The arithmetic mean of the 3 positions at each elevation was used as the average tank fluid temperature of the elevation in the data reduction process. Electrical signals from the transducers were processed by a data acquisition system. The tube side fluid was heated by 2 electric heating jackets rated at 8 kW. Two Pt100 thermocouples were installed in different areas of the pressure vessel and worked with two temperature controllers to regulate the fluid temperature in pressure vessel. The flow rate in tube was measured by a turbine flow meter installed at the inlet of the heating tube and acquired by the data acquisition system. Experiments were conducted by following operating procedure which includes initial filling of the tank and the tube loop, remove of dissolved gasses in water, heatup of pressure vessel, beginning of the test, and recording of experimental data. The fluid used in the investigation was distilled water. It was necessary to remove dissolved gasses before the experimentation. The degassing process was done by heating liquid in pressure vessel and operating the centrifugal pump. During this process, valve V2 was opened. Continuous bubbling of gases in the water-level indicator represented degassing of liquid. This was carried out until bubbling eased in the indicator, indicating no presence of dissolved gases in the tube loop. At the end of the process, valve V2 was closed. The degassing of tank water was done at the same time; the process continued for several hours. After that, the system was naturally cooled in the room. Since the water tank is open, the dissolved gasses in tank water could not be discharged completely. The degassing procedure was carried out every time before starting a given set of experimental runs.
Instruments were calibrated and the uncertainty of measured parameters was evaluated according to the procedure suggested by Abernethy and Thompson [8] . The results were summarized in Table 1 .
Data Reduction
The heat exchange tube was virtually divided into 14 cells along the longitudinal direction of the tube, 4 cells for the upper horizontal section, 6 for the vertical section, and 4 for the lower horizontal section. The calculation was conducted in each of the 14 cells to obtain the heat flux and heat transfer coefficients along the tube. The calculation model diagram of the 'th cell is shown in Figure 3 .
The primary measurements of the experiment include the tube flow rates, tube fluid axial temperature distribution, tube outside wall temperatures, and tank fluid temperatures, which were measured at different locations within the tank.
The tube inside fluid temperatures were used to calculate the heat transfer rate over the length of the cell by using the steady-state one-dimensional energy balance equation:
where = specific enthalpy of the 'th cell as determined from the tube inside fluid temperature, J/kg, = tube mass flow rate, kg/s, and = local heat transfer rate, W.
A heat balance from the tube inside wall to the tube outside wall can be written as
where 1 and 2 = tube inside and outside wall temperature of the 'th cell, K, = length of the 'th cell, m, 1 and 2 = inner and outer diameter of the tube, m, and = thermal conductivity of tube material of the 'th cell as determined from the arithmetic mean of tube inside wall temperature 1 and tube outside wall temperature 2 , W/m⋅K.
The 1 was assumed firstly to consult the value of . A new inner wall temperature is then calculated using (2). The current and previous values for the inner tube wall temperature are compared and once acceptably close, the revised temperatures are the required results.
The tube side liquid temperature is measured at the centerline of the tube, which is the hottest location in the tube. The correct temperature used for energy balance given in (1) should be the bulk fluid temperature, which is a flow-weighted average temperature. The tube inside flow is a turbulent flow regime which will result in bulk fluid temperatures close to but not equal to the thermocouple readings taken at the centerline of the tubes.
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The approach is based on a normalized 1/ th power velocity profile. It is assumed that the temperature distribution is directly proportional to the normalized velocity distribution as
where ( ) = fluid temperature at radial position , K, = fluid temperature at wall, approximately equal to tube side wall temperature, K, = fluid temperature measured in the center of the tube, K, V( ) = local velocity in the tube at radius , m/s, V( ) = centerline velocity in the tube, m/s, = local radial position in the tube, m, = tube inside radius, m, and = power fit for velocity profile.
The ratio of the wall-to-bulk temperature to the wall-tocenterline temperature can then be calculated as
where = tube inside bulk fluid temperature, used to determine the specific enthalpy in (1), K. The resulting temperature ratio is then given as
Equation (5) indicates that the measured centerline temperature is approximately equal to the bulk temperature. The appropriate value for is given in Schlichting [9] . The tube inside convective heat transfer coefficient is then calculated along the tube using the wall heat flux, the tube inside bulk fluid temperature, and the extrapolated outside wall temperature:
where ℎ 1 = tube inside heat transfer coefficient of the 'th cell, W/m 2 K, = tube inside bulk fluid temperature of the 'th cell, equal to in (4), K, = tube outside fluid temperature of the 'th cell, equal to the arithmetic mean of thermocouple readings of different positions (I, II, and III) in the tank, K.
The tube outside convective heat transfer coefficient is calculated using the heat balance between tube outside wall and tank fluid:
where ℎ 2 is the tube outside heat transfer coefficient of the 'th cell. The calculation steps were completed through a data reduction program. The program takes raw test data, calculates the wall heat flux, inside wall temperature, and heat transfer coefficients on both sides of tube, and compares the measured heat transfer with the heat transfer coefficients predicted by several selected correlations.
Results and Discussion
The tests were conducted with the tank initially at or near room temperature. Table 2 All these instruments worked well during the test. Several tests were conducted under the conditions in Table 2 and the errors of every test were about 5%. So it can be confirmed that the results are correct.
The tests record the temperature distribution in the tank and thereby provide a measure of the mixing within the tank. Figure 5 . The small range of temperatures indicates that the tank is well mixed at this elevation. It should be indicated that, at the same elevation, the temperatures of the 3 positions show great similarity with each other.
According to the set flow rates, the Reynolds numbers of the tube internal flow were in the fully turbulent range. The primary-side heat transfer coefficients were calculated using the Dittus-Boelter [10] , Petukhov-Popov [11] , and Gnielinski [12] single phase forced convection correlations.
(1) Dittus-Boelter Correlation. The Dittus-Boelter correlation is given as The fluid physical properties are determined by the average bulk temperature of each cell of the tube.
(2) Petukhov-Popov Correlation. The Petukhov-Popov correlation is given as ] , The test data have been analyzed to determine the applicability of these correlations. Figure 6 shows the comparison of the Dittus-Boelter correlation, the Petukhov-Popov correlation, and the Gnielinski correlation with the test determined tube inside wall heat transfer coefficient along the heat exchanger tube at different times.
Since there are no thermocouples melted on the elbows, the heat transfer coefficient of the elbow cells is not shown in Figure 6 . As can been seen from Figure 6 , the heat transfer coefficients from all these correlations overpredict the experimental data. Petukhov-Popov correlation and Gnielinski correlation overpredict the data by almost 7% and 16%. The generally more accepted single-phase convective heat transfer Dittus-Boelter correlation provides more agreements with the experimental data, particular in the later period of the test. These comparisons indicate that the Dittus-Boelter correlation is more acceptable than the other two correlations for calculating primary-side heat transfer.
The heat exchanger tube was cooled by natural convection heat transfer in present test. Correlations calculating the natural convection heat transfer coefficients of tube outersurface have been proposed in many literatures. The applicability of the correlations in literatures was controversial because all these correlations were developed originally for conditions different from this paper. Correlations in interrelated literatures are summarized as follows.
(1) Langmuir and Churchill-Chu Correlations [3] . The Langmuir correlation is developed for single-phase natural convection along a horizontal tube and is given by
where Nu = 0. The Churchill-Chu correlation was used for the natural convection along the vertical part of the tube:
where 2(Pr) = [1 + (0.492/ Pr) 9/16 ] −16/9 . The elevation from the lower horizontal section of the tube was used as the characteristic length for this correlation. This correlation is applicable to Grashof numbers > 10 10 .
(2) MARS Code Correlations [5] . 
For the natural convection along the vertical part of the tube, the correlation of Churchill-Chu was used:
(1 + (0.492/ Pr)
(3) McAdams Correlations [13] . The more commonly used McAdams correlations for natural convection heat transfer calculation are also compared with the experimental data in this paper.
McAdams correlation for horizontal section of tube is, respectively, given by
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Gr is the Grashof number of tube outside fluid. The fluid physical properties in these correlations are determined by the average temperature of measured tube outer wall temperature and tube outer fluid temperatures. Figure 7 shows the comparison of the measured heat flux to the heat flux calculated using the natural convection correlations mentioned above. Cells 1-3 and cells 8-10 in Figure 7 are cells in the upper horizontal section and the lower horizontal section. Cells 4-7 are in the vertical section of the C-shaped heating tube. From Figure 7 , the heat transfer coefficients calculated with natural convection correlations in literatures are not continuous along the tube. This is caused by the difference of the correlation used for horizontal region and vertical region calculation.
As can be seen in Figure 7 , for the horizontal cells, McAdams correlations represent a better fit. The average relative error of the horizontal cells between McAdams correlations and the experimental data of the 4 moments in Figure 7 is 0.55%. Heat transfer coefficients calculated with vertical correlation in MARS code are closer to the experimental data and the average error is 1.46%. But the vertical section of MARS code correlation predicts an increase trend of heat transfer coefficient along the tube, which is not agreeable with the experimental data. According to Figure 7 , the vertical section of McAdams correlations shows a second best-estimate fit with the experimental data; the average error is 3.28%. The comparison indicates that McAdams correlations represent a closer fit and more reasonable trend with the experimental data. All these correlations mentioned above are deduced through different experimental data. They have their own applied ranges. This leads to the error between correlation results and experimental results.
Conclusions
(1) The fluid temperatures in the tank decrease with the decrease of elevation in the vertical direction. In the horizontal directions, the temperatures are nearly uniform.
(2) Dittus-Boelter correlation is more acceptable than the Petukhov-Popov correlation and Gnielinski correlation for calculating tube-side heat transfer.
(3) The heat exchanger tube was cooled by natural convection heat transfer. As compared to the experimental data, the McAdams correlations represent a closer fit and more reasonable trend than Langmuir and Churchill-Chu correlations and MARS code correlations for calculation of tube outside heat transfer.
